A systematic and robust laser speckle contrast imaging (LSCI) method and procedure is presented, covering the LSCI system calibration, static scattering removal, and measurement noise estimation and correction to obtain a true flow speckle contrast 2 f K and the flow speed from single-exposure LSCI measurements. We advocate to use 2 K as the speckle contrast instead of the conventional contrast K as the former relates simply to the flow velocity and is with additive noise alone. We demonstrate the efficacy of the proposed true flow speckle contrast by imaging phantom flow at varying speeds, showing that (1) the proposed recipe greatly enhances the linear sensitivity of the flow index (inverse decorrelation time) and the linearity covers the full span of flow speeds from 0 mm/s to 40 mm/s; and (2) the true flow speed can be recovered regardless of the overlying static scattering layers and the type of speckle statistics (temporal or spatial). The fundamental difference between the apparent temporal and spatial speckle contrasts is further revealed. The flow index recovered in the spatial domain is much more susceptible to static scattering and exhibit a shorter linearity range than that obtained in the temporal domain. The proposed LSCI analysis framework paves the way to estimate the true flow speed in the wide array of laser speckle contrast imaging applications.
Introduction
When coherent light interacts with a turbid medium, the interference between the outgoing waves produces grainy speckle patterns which encode the phase fluctuation of all rays (random phasors) reaching a point. The contrast of laser speckles reduces with the motion of scatterers inside the turbid medium. Laser speckle contrast hence can be used to infer the dynamic property of the medium. Laser speckle contrast imaging (LSCI, see recent reviews [1] [2] [3] [4] ) has now been widely used in monitoring blood flow in brain, skin, retina, arthrosis and etc due to advantages including simplicity, high spatial and temporal resolution, and large field of view without scanning [5] [6] [7] [8] .
Although LSCI has a wide range of applications and a long history, the recovery of absolute flow velocity from LSCI measurements remains a challenge, especially when the measurement is compounded by static scattering and noise. For static scattering in laser speckle imaging, Li et al. showed that the static scattering effect can be partially suppressed by using the temporal rather than spatial contrast analysis of laser speckles [9] as the static scattering is an invariant quantity with time. Zakhraov et al. [10, 11] presented a data processing scheme to correctly separate dynamic and static components within the speckle contrast based on their different decorrelation behaviour across speckle patterns captured at consecutive times. Dunn et al. [6, [12] [13] [14] later demonstrated a multi-exposure laser speckle contrast imaging method, which quantifies and eliminates the influence of static scattering from speckle contrasts measured under different exposure times using a laser speckle contrast model. For LSCI measurement noise, the correction of the variance of the shot noise and sensor dark currents were found to be crucial to estimate the true speckle contrast [15, 16] . Yuan et al. [16] increased the signalto-noise ratio (SNR) of LSCI with noise correction to detect small blood flow changes caused by brain activity. A systematic study and recommended practical recipe to obtain true flow velocity from LSCI measurements addressing both static scattering and measurement noise is, however, still lacking.
In this article, we analysed laser speckle flow imaging from the first principle and provided a complete procedure covering the LSCI system calibration, static scattering removal, and measurement noise estimation and correction to obtain a genuine flow speckle contrast and the flow speed from single-exposure LSCI measurements. We demonstrated the power of our LSCI analysis recipe by imaging phantom flow at varying speeds. Experimental results show that our procedure greatly enhances the linear sensitivity of the flow index (defined as the inverse decorrelation time) and the linearity covers the full span of flow speeds from 0 mm/s to 40 mm/s. The true flow speed is recovered regardless of the overlying static scattering layers and the type of statistics (temporal or spatial). The proposed LSCI analysis framework hence paves the way to estimate the true flow speed in the wide array of laser speckle contrast imaging applications.
Theory and Data Analysis

Theoretical basis
The spatial intensity distribution of the speckle pattern fluctuates with the motion of the scattering particles under the illumination of coherent light. The recorded pattern by a camera is the integration of all instantaneous speckles over the exposure time. The faster the scattering particles move, the more blurred the recorded pattern becomes. The degree of blurring is quantified by the contrast [17] given by
where I represents the mean of light intensity I over a small region (spatial contrast) or over a short durance of time (temporal contrast). For "fully developed" static speckles, the spatial contrast K equals to 1.
We will assume the scattered electric field containing both dynamic and static components
ii fs
with ω being the angular frequency of light. The dynamic component consists of photons which have at least been scattered by moving scatterers (flow) once and the static component consists of photons being scattered by static scatterers alone. The electric field temporal autocorrelation function can be written as
where means average over t, 
where ()
  is a parameter that accounts for the reduction in the measured contrast due to averaging (by the detector) over uncorrelated speckles. Note 1 g is real and non-negative [19] . 
where the average intensity 
in the spatial domain. In the next section, we will examine system calibration, sample measurement and data analysis to provide a complete procedure for static scattering removal, and measurement noise estimation and correction to obtain a true flow speckle contrast and the flow speed from singleexposure LSCI measurements.
System calibration, measurement, and data analysis
Let's consider a set of speckle images
Here the recorded image consists of the static component If the behavior of dark counts is assumed uniform across the whole sensor frame, the mean and the variance of the dark counts are given by further averaging over the whole sensor frame. In many cameras, the recorded intensity has been pre-subtracted by certain base. In this case, digital counts where  is the analog to the digital conversion factor [20] . The  factor is typically the same across the sensor frame and thus is obtained by further averaging over the sensor frame. Under such a shot noise model, 
where an extra quadratic term in ( , ) 
Sample measurement and data processing
The sample containing both dynamic and static scatterers are then imaged under the identical experimental condition to yield a new set of dark current removed speckle images ( , )
The dynamic fraction  can be determined using Eq. (17) as 2 2 ( , ) 
in the spatial domain (they are equal by ergodicity). Using Eq. (13) and (16) 
from which we can identify the non-ergodic contribution from the static field to be 8). Figure 2 shows the schematic diagram of the experimental setup. Light from a DPSS red laser (LSR671ML, λ = 671nm, Lasever, Ningbo, China) illuminated the sample and the speckle images were recorded by a 12bit camera (MER-125-30UM, Daheng Imaging, China, 1292×964 pixels, 3.75μm×3.75μm) with an exposure time set between 20 and 40 msec. The DMD (DLC9500P24 0.95VIS) acted as a reflection mirror here. In system calibration, light reflectance from a Lambertian reflection standard was recorded with the exposure time set at 40 msec and a total of 150 images captured at a frame rate of 15 fps. The system characteristics under different levels of light illumination was obtained by varying the intensity attenuator and the reflection ratio of DMD. In flow velocity measurement experiments, Intralipid-2% suspension (scattering coefficient = 1.7 1 mm  ) inside a glass tube (inner diameter 1mm, outer diameter 2mm) is used to simulate blood flow. The flow rate in the glass tube is set by adjusting the driving speed of the fuel injection pump, covering the whole range from 0 to 40 mm/s in this study. A stack of 250 raw speckle images of the dynamic sample was acquired with an exposure time set at 40 msec and a frame rate of 15 fps for each flow speed. Figure 3 shows the dark current of the camera with a distribution centered at 0. This means that the dark current of the camera has been pre-subtracted and d n should be set to 0.
Results
Experimental setup
Results of system calibration
A set of 150 reflectance images from the reflectance standard were then recorded. The coherence factor  of the system was then computed with Eq. (19) for different step size  (see Fig. 4 ). The coherence factor  reduces slightly with  owing to the inevitable system instability. The proper system coherence factor is obtained by extrapolating to =0. was often used. The value of this factor calculated from the measurement is observed to decrease with the light intensity (see Fig. 7 ). The assumption of a constant '  is thus not correct, attributed to the nonzero  mainly caused by the light source fluctuations. Fig. 7 The analog-to-digital factor '  decreases with the light intensity.
Results of dynamic sample measurements
Importance of static scattering removal and noise correction
A stack of 250 images were taken for the flow phantom at each flow speed ranging between 0 and 40 mm/s. The dynamic fraction  was computed with Eq. (22) . Fig. 8(a) shows the 2D distribution of  with an average value of 0.871 over a region of interest (ROI) when flow speed is 0 (Brownian motion alone). The extracted value of  stays unchanged when the flow speed increases (see Fig. 8(b) ). The non-uniformity of the dynamic fraction is caused by the imperfect glass tube. 
Effects of different static scattering
The efficacy of the static scattering removal is then investigated. One part of the glass tube was coated with a scattering layer (dried colloidal suspension) and the same set of the measurements were performed. The region A (=0.83, average light intensity = 670) in the green rectangle is covered by the static scattering layer whereas the region B (=0.88, average light intensity = 810) in the red rectangle is directly exposed (see Fig. 12 ). Both regions should have identical flow speed. Figure 13 compares the temporal speckle contrast and the inverse decorrelation time for ROI A and B. The inverse decorrelation time from the uncorrected speckle contrast differs significantly between A and B (see Fig. 13 (a,d) ). After noise correction, the agreement between A and B significantly improves although the discrepancy between their recovered 1/ c  is appreciable (see Fig. 13 (b,e) ). With a further static scattering removal, the gap between 1/ c  for the two regions in (e) almost disappeared (see Fig. 13 (c,f) ). The degrade in the performance for faster flow speeds is caused by the loss of SNR at higher speeds. The above results show that different static scattering can be successfully removed to obtain the true flow velocities. Fig. 13 (a-c) The temporal speckle contrast (uncorrected, after noise correction, after both noise correction and static speckle removal) for ROI A and ROI B; (d-f) the recovered corresponding inverse decorrelation time.
To further show the agreement of the flow speed in ROI A and B, the error in the recovered 1/ c  can be directly estimated using the uncertainty in the noise variance. The noise contrast depends on light intensity alone when the imaging system has been specified. At higher speeds, the uncertainty in the noise variance starts to dominate as the flow contrast steadily reduces. Fig. 14 shows the flow speeds in regions A and B indeed agree with each other within the system uncertainty given in Fig. 6 and Table 1 . 
Temporal speckles vs spatial speckles
The speckle contrast analysis can not only be performed within the temporal domain presented in Sec. 3.3.1 and 3.3.2 but also in the spatial domain. The two different approaches have their own merits.  (see Fig.   14 (a,d) ). After noise correction, the temporal speckle contrast and inverse decorrelation time performs much better than the spatial counterparts which still retain
